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I. INTRODUCTION

The Explosive Driver is a deviee invented at Physics International
capable of generating a high temperature, high density light (low mole-
cular weight) gas (generally helium). 1-6 The resulting reservoir of gas
can be used to accelerate projectiles in an attached launch tube. A
schematic of an explosive driver hypervelocity gun is shown in Figure 1.
Such devices have been used at Physics International to achieve launch
of projectiles weighing 2.36 kg to a velocity of 6.5 km/sec, 11.5 kg
to 3.2 km/sec (the "Alphal I shot"; early pressure chamber failure
prevented achievement of the 5.5 km/sec design velocity), and in a
modified two stage drivers, 2g to 12,0 ka/rec.

Explosive driver devices are basically simple and inexpensive.
They are far smaller than light gas gun facilities of the same pro-
jectile mass and velocity capability, lending themselves to the task of
conducting hypervelocity tests without the need for maintaining a
large light gas gun facility.

On the other hand, the explosive drivers are good for only one
shot with little salvagable (for ordinary explosive driver designs).
Successful use of explosive drivers for projectile launch has been
achieved only for projectile having an L/D of about 1 (Physics
International Company practice has been to use L/D = 0.8 in many
cases.) Projectile density has also been low (Physics International
Company has used such materials as polyethylene, polycarbonate3
and a Lithium-Magnesium alloy achieving a density of 1.38 g/cm ).

1J. D. Watson, E. T. Moore, Jr., D. Munrna, and J. S. Marshall,
"Explosively-Driven Light Gas Guns", PIFR - 024/065, Physics
International Company, San Leandro, CA, Sep 67.
2E. T. Moore, Jr., "Explosive Hypervelocity Launchers", NASA CR - 982,

National Aeronautics and Space Adninistration, Feb, 68.
3 J. D. Watson, "An Explosively Driven Gun to Launch Large Models to
Re-entry Velocities," PIFR - 098, Physics International Company,
San Leandro, CA, Apr, 69.
4j. D. Watson, "High Velocity Explosively Driven Guns," PIFR - 113,
Physics International Company, San Leandro, CA, Jul, 69.
5j. D. Watson, "A Sumnary of the Development of Large Explosive
Guns for Re-entry Simulation," PIFR - 155, Physics International
Company, San Leandro, CA, Aug, 70.
6 E. T. Moore, Jr., "Explosive Hypervelocity Launchers", PIFR- 051,

Physics International Company, San Leandro, CA, Sep, 76.
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Since the explosive driver could serve as a valuable tool in BRL
research to provide hypervelocity tests in programs that otherwise do
not justify the expense of light gas gun facilities, a limited in-house
effort was undertaken to determine if explosive drivers could be
advantageously employed in typical test programs of interest at BRL.
The program has been tied to a separate test, an in-house program on
a muzzle accelerator device requiring the launch of a steel projectile
with LID = 6 to a velocity of S to 6 km/sec. Details of the muzzle
accelerator program are given in a separate report. The exact pro-
jectile description is detailed below.

II. EXPLOSIVE DRIVER GUNS

A diagram of an explosive driver as applied to projectile launch
is shown in Fig~ure 1. Initiation of the detonator gi~ves rise to a
detonation front collapsing the pressure tube (see also Figure 4), and
driving a shock wave down the length of the pressure tube. A ramp-
like breech bevel ring on the chamber block is closed by the high
explosive (HE), just as the reflected shock arrives at the rear of
the reservoir (indicated by the dashed line in Figure 1). The high
pressure gas contained in the reservoir thus formed accelerates the
projectile through the launch tube.

Details for the design of optimum explosive drivers have been
given by Watson. 4 Here optimum is defined in terms of the use of
the overall driver mass to produce a given reservoir. This design
results in a rather long device (the pressure tube alone turns out

4 to be 30 diameters ID in length). For many applications overall
length caii be an impo-.tant consideration, particularly, if as in the
present program, cast HE is employed, rather than a liquid explosive
as has been the Physics International Company practice, since for
large devices this results in handling problems for the HE loading.J
Figure 2 shows schematically the manner in which detonation of the
HE in an explosive driver produces a volume of shock heated and com-
pressed gas. For reference, the explosive driver gun is shown before,
Figure 2a, as well as after the detonation wave has propagated some
distance along the tube, Figure 2b. As the detonation front passes
a section of the pressure tube, the pressure tuibe is collapsed into a
conical rear surface. Although the material forming the -rear surface
of this tube collapses radially to form the "collapsed pressure
tube" indicated in Figure 2b, the rear surface forms a corstant geometry
conical piston that drives forward, shock heats, and compresses the
pressure tube gas. Thi~s piston moves at the detonation velocity D.
The resulting shock front moves-out alhead of this piston at a velocity
S as given for ideal gases by5

S (Y + 1) D()

2 A



EXPLOSIVE DRIVER GAS ( y 5/3)
DETONATGR PRESSURE TUBE
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Figure 2- Schematic of an explosive driver section (a) before and
(b) after initiation of the detonation; (c) resulting
distance vs. time plot of ideal explosive driver
piston and shock wave. Length of shocked dri.ver gas
column at any time is also shown.
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where y is the ratio of specific heats in the pressure tube gas. In
most cases the optimum7 gas to use in such devices is helium since its
molecular weight is low and it has a high value of Y ( = 5/3), both
contributing to increased projectile velocity. Detonation front
(approximate piston position) and shock front positions as a function
of time are shown for the ideal driver in Figure 2c.

For an ideal gas in the pressure tube having density p1, and
sound velocity a, (see Figi;-e 3) passage of the shock front moving
%ith velocity S as given by Equation (1) yields density p2 and sound
velocity a2 after shock passage8 where:

y +1
y - 1 (2)

1 2 2
P 2  (Y + 1) p D Pl (Y + 1) D2/2RT (3)

and

a2 (Y - 1) D (4)

as is readily obtained from the ideal gas laws and conservation laws
for shock gas. The temperature before and after shoclk passage, T1

and T2 respectively are related by8

T2 = T1 P1 P2/P 2 Pl (5)

When the shock front reaches the end of the pressure tube, it
reflects off the relatively massive chamber block as shown in
Figure 4, producing additional shock heating of the reservoir gas.
The final pressure, pA' in the gas reservoir that is formed when the
chamber closes is givn by 7 8

P4 =12 2 Y + 1

at a density p4 given by

P4  2Y(Y+ (7)

7A. E. Seigel, The Theory of High Speed Guns, published by North
Atlantic Treaty Organization: AGARD ograph - 91. Reproduced by
National Technical Information Service, Springfield, VA 22151, May 65.
8R. Von Mises., Mathematical Theory of Compressible Fluid Flow. Academic

Press, 1958.
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Figure 3 - Density p, pressure p and sound velocities a in the shocked
and unshocked pressure tube gas are important in the descrip-
tion of driver functioning. Also shown. is the detonation
wave having velocity D and shock wave at velocity S.
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Figure 4 - (a) Illustration of successive .stages in the collapse of thei
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The sound velocity a4 and reflected shock velocity R are given by7 ,8

a4 =(-(3Y 1) (Y )] "D (8)

and

The reflected shock brings the gas to rest just as the chamber

closes, as shown in Figure 4, so that all the shocked gas is enclosed.
In addition to the above equatio-is for the reservoir gas pressure,
density and sound velocity, one must also specify the dimensions of
the gun and projectile together with the projectile mass to determine
the launch velocity for the device.

III. PRESSURE TUBE DIMENSIONS

Let us now -onsider the factors that determine the dimensions of
a pressure tube. Figure 2c gives an overly idealized representation

of the shock in the pressure tube. Experiments with explosive drivers
conducted by the Physics International Company'- 6 show that the shock
does not irmediately break out ahead of the detonation front as
indicated by Figure 2c. Instead a distance equal to 4 tube diameters
has been found to be required for shock break out to occur. Indicating
this distance by Ls and the tube diameter by do, we have

SI
L = 4d0 (10)

Break out of the shock is illustrated in Figure 5. Some important
dimensions of the explosive driver gun are also defined in Figure 5a.
In addition, the shock reflects off the front of the pressure tube
at a value of x, as in Figure 5, equal to the length L of the pressure
tube where

L =L + Lg + LR (11)

The quantities Lg and LR being defined by the illustration Figure Sa.

At the time the shock reflects off the front of the chamber block,
the detonation front is at a distance L' behind the shock, where

L' =L + O- L+ )/S (12)

g LR DL LR)/
since

"16

f' ~



0

00:

*r4 -

4C)

n4-4

t00

44-

4-4

01x

Iin



S~ (y +1) D (13)
q2
Equation (12) becomes

2L' (L 9+ L +M (14)

The reservoir length Lis given by the condition that the

time the reflected shock arrives there. Therefore we have

LR/R ( L' L L)/D (15)

Substituting in Equation (15) for L' from Equation t14) gives

2
LR L (y 1) /(3y 1) (6

or for y 5/3

L =L /9 (17)
P

The overall length of the pressure tube is, therefore,

L -4d + [1 + (y - 1) /(3y -1)] Lg (18)

and again, for y =5/3 this becomes

U4 9L0 (19)

j ~or in terms of a desired reservoir length

L - 4d + 10L (20)
0 R

Experimental tests of explosive drivers at Physics International
Company have yielded a maximum effective value for L'. Energy loss
to the pressure tube walls (for example, due to viscous losses) are
such that the shock does not run more than about 6 tube diameters

Kahead of the detonation front, Thus, L' is limited according to

L' < 6d (21)

If L' is set equal to 6d0, an optimum design is obtained. In this
case one obtains for this optimum length L of the explosive driver
pressure tube t



L 2d° 1s (22
Lopt V- T( (22)

and forY - S/3,

Lopt 28d (23)

Physics International Company practice has boen to round off this figure
and use L = 30d0 which has worked well.

Unfortunately, such lengths can be inconvercent in large caliber
devices. This is of particular concern if cast explosive is to be used

K in the driver. For example, a 0.1016 m diameter pressure tube would
Sbe 3.048 m in length and pose additional difficulties to the explosiveI, Hot Melt facility at BRL. Such difficulties are not encountered at
Physics International Company since they have employed a liquid

explosive nitromethane in their work.

Several considerations dictated against use of the liquid explosive
in the present effort.

These were:

(1) The detonation velocity of nitromethane is sufficiently low
as to significantly reduce pressures obtainable in the gas reservoir.
To make up for this, requires a much larger device if a high projectile
velocity is to be achieved with a steel projectile of L/D = 6.

(2) Use of nitromethane can result in detonation due to gas shock
pressurization of gas bubbles in the liquid9' 1 0 This results in
early detonation and thus pinch off of the pressure tube. To avoid
this problem, the Physics International Company currently uses
transparent plastic tubes as tamper (container) tubes to make examina-
tion for entrapped gas easier.

"(3) Solid explosives offer much versatility not available where
designs are based on liquid explosives. The use of solid explosive
does not require the use of an outside (tamper) tube, and where a
tamper is used, it can be made of any convenient material. Solid
explosives can be pressed, cast, machined, or cut from Deta Sheet
and their use offers a wide variety of explosive material properties
from which to choose.

S9F. P. Bowden and A. Yoffe, Fast Reactions In Solids. Butterworthe
London, 1958.
10F. P. Bowden and A. Yoffe, Initiation and Growth of Explosion in
Liquids and Solids- Cambridge Press, Cambridge Eng., 1952.

1.94,!
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This third reason was not of such immediate consideration, but
since the use of a liquid explosive could lead to as many special
problems as the use of a solid explosive, it was decided efforts
to resolve such problems should be directed toward that avenue that
would offer flexibility at BRL in the event further use of explosive
drivers were to be undertaken. Among possible future applications
might be use of the explosive driver in weapons systems design. Work
in this direction has already been undertaken at Rock Island. 1 1

It should be noted also that the primary reason for the choice
by Physics International Company for the use of nitromethane was the
convenience it offered for the large scale tests they have undertaken.
Since large scale tests are not envisioned as a possible outgrowth
of the present program, this consideration for use of a liquid explosive
was not deemed to be relevant to the BRL needs.

The above considerations resulted in the choice of a solid (cast)
explosive, specifically 75/25 octol (D = 8.48 km/sec). A practical
limit on the length of the explosive driver is set at L = 1.8288 m
(6 feet). From Equation (10), (17) and (20) we obtain the values for
the lengths of the sections of the pressure tube in terms of the
pressure tube diameter, do.

Given the pressure tube length,, the tube diameter is computed
based on the total mass G of light gas required to launch the
projectile to a specified velocity and in terms of the loading
density p, for the gas according to

G =¼ P 1 d 2L (24)

The loading density of the pressure tube gas, p1 , is constrained to
a somewhat narrow range of values determined by the requirement
that jetting of the pressure tube not occur during collapse, and
that full collapse of the pressure tube be achievable, as discussed

below.

IV. RELATION BETWEEN GAS RESERVOIR AND LAUNCH VELOCITY

Given the mass G of gas at a pressure P4 in a reservoir of
diameter d_, ratio of specific heats y., and sound velocity a4 for the
reservoir gas, a projectile of mass M, traveling a distance x_ in a
smooth gun tube of cross sectional area A (diameter d1) under the
pressure exerted by the reservoir.gas, will achieve a muzzle velocity
u given by the Seigel 7 graphs for gun performance. Figure 6 gives
1 1 J. R. DeWitt, "Weaponization of Increased Speed Projectile: Compen-

diwn, 4th General Review," ARO, Inc. February 1975.
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an example of these curves for the nondimensional velocity Cu /a 4 )P 24).

as a function of the nondimensional projectile travel (P4 Axp/Ma 4 ) at
various values of G/M for a light gas with y = 5/3 (i.e. as appropriate
for helium) and a pressure tube diameter to launch tube diameter ratio
of 5 (dependence of the curves on the do/d1 ratio is weak) as taken
from Seigel.7 d

Given the projectile mass, bore diameter, barrel length, chamber
diameter, and desired muzzle velocity, one can compute the required .

chamber pressure at launch, and the mass of gas required to achieve
that velocity. The loading gas pressure and detonation velocity
largely determine the final chamber pressure and density. One uses
the approximate chamber diameter to bore diameter to obtain the
required pressure and density in the pressure tube, leaving only
simple calculacions to be carried out to determine the actual chamber
diameter and overall dimensions of the explosive driver -for the
final design.

V. LOADING PRESSURE IN THE GAS PRESSURE TUBE

Physics International Company experience with the design of
explosive drivers has shown that the gas tube loading pressure must
be kept within certain bounds in order to prevent (1) metal jetting
Ci.e. shaped charge jetting) in the case of a loading pressure
that is too low, and (2) failure to fully collapse the pressure
tube because the loading pressure is too high. Each of these limits
can be calculated if necessary, however, it is simpler to use a
pressure that has proved satisfactory in the past. Phygics Inter-
national h s employed loading pressures from 1.034 x 10 pascals to
1.690 x 10 pasca s. With nitromethane the usual practice has been
to use 1.931 x 10 pascals.

Since the explosive used in the present experiment, 75/25 Octol,
has a higher detonation pressure than that of the nitromethane used
at Physics International, calculations have bgen made using the
detonation pressure scaled value of 2.60 x 10 pascals ( 377psi) for
the pressure tube loading pressure'. A higher pressure of 3.45 x 10O
pascals (500 psi) has also been used for calculations. This value is
somewhat closer to the maximum pressure according to advice obtained
from Physics International personnel, but permits a larger value of
G as important in the present task.

22
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The outside dimension of the pressure tube in Physics Izlxernation-
al practice has been about 5% over the inside diameter of the tube
where fabricated of steel and operated at a lower pressure, such as
the 1.931 x 106 pascals (280 psi) fl.gure mentioned above. The value
is not critical, however, and the large Alpha I device tested at Physics
International employed a figure of 9.5% at a pressure of 6.448 x 10
pascals (935 psi). At 2.552 x 106 pascals (370 psi), allowing for the
difference in density between aluminum (see section VII for the choice
of aluminum over steel for the pressure tube) and steel we obtain
a value of 2.235 cm (0.88"), and at 3.448 x 106 pascals (500
psi), 3.023 cm (1.19"). Note the wall thickness is not selected

on the basis of strength to hold the pressure - The above criterion
being in excess of that requirement - but to provide "piston" mass for
the compression of the helium to achieve full collapse. If too much
mass is used, the device will require too much explosive, becoming
excessively inefficient; too little and the momentum of the pressure
tube wall will not be sufficient to collapse onto its axis under the
high pressure of the helium behind the shock front. In the present
design the OD has been taken to 2.54 cm (1.00") greeter than ID; for
a wall thickness of 1.27 cm (0.5") in the 1.27 cm (0.5") caliber de-
sign a value of 0.635 cm (0.25") is used as may be noted in Table I.

The amount of explosive used in the design must be sufficient to
drive the pressure tube radially onto the axis at such a velocity, so
as to collapse the tube. Again, based on the Physics International
practice, a range of values from 0.5 to 2 times the pressure tube mass
has been used to calculate the required mass of explosive. Private
communication with Physics International p~ople suggested the present
device should employ the higher figure even though Octol is more ener-
getic than the nitromethane (the reason being primarily that only a
light tamper would be employed, but also the failure to collapse the
pressure tube is a more likely problem than that of jetting). The pres-
ent calculations are based on the charge to mass (of pressure tube)
ratio of 2. It should be noted that one can also readily compute the

necessary amount of HE simply by using the Gurney 1 2 equation for the
plate (tube wall) velocity as a function of the

1 2R. W. Gurney, "The Mass Distribution of Fragments from Bombs, SheZi
and Grenades, "BRL Report 448, U.S. Army Ballihtic Research Laboratory,
Aberdeen Proving Ground, MD, Feb 44.
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charge to mass (areal density of the charge and plate, of course)
ratio and requiring this to be equal to the velocity needed to just
bring the tube mass to rest working against the gas pressure behind
the shock (i.e. p2), allowing for the areal density of the tube wall

to increase with decreasing radius. That is to say v as given by 1 2

(we approximate here using che expression for cylindrlocal expansion
where as collapse equations would be more exact):

v k[• C1 +hC/M/)"' (25)

where K' is the pressure tube mass, C the HE charge mass and k is a
coefficient for the HE, must also equal ve as given by integrating
for the decelerating tube mass:

Ve = (P 2 ro/T Pp) 1/2 (26)

where p is the density, T the thickness, and ro the initial inside
p ~ p0

radius of the pressure tube.

Tamper wall thickness selection is not critical in the present
design. Values noted in Table III have been based on machining
convenience. The charge to mass ratio selected allows one to use
a minimal tamper.

VI. COMPUTED DESIGN: 1/2" CALIBER, 1/4" CALIBER AS TESTED j
/,Table I & III employ the above criteria in the calculation of

the critical parameters for the design of explosive drivers having

a 1/2" (12.7 mm) diameter launch tube, 1/4" (6.35 mm) diameter launch tube,
and 0.281" (7.14 mm) diameter launch tube as fabricated. Projectile mass
and launch velocity are determined by the application of the explosive
driver gun in the test of an explosive muzzle accelerator device 1 3 . The
explosive is selected for its high detonation velocity and convenience
as a castable material. Table II shows the considerations leadingto a selection of G/M f 2. A value of G/M s 2 is required to

achieve a projectile velocity u of at least 6 km/sec.

S'T. H.. Walker, "Ace leration of Bypervelocity Projectiles by Means of
Transversely Expanding Gas," (in preparation).

24

~ ~ --



u

1. 0 (A

4-4)

0~ v NLn0 - 00 M
Gý-I4 Lfn ,4 N 00 Ln m~ r-

4  
4 4 0 *N

.t4)

Cd WO co w0

4.0 1 0 0) 1

0 1A N ~ N 0 Q -4 0n Nn Ln U) Ltn

>. n M N 0 0'(4 m

Nn r- 00 tn

Xý C Uý

-L N ' i 4 N 0 Ant~ I

10 1N

00 -4

1- -4l Utt -c

tn- 1-4
r -

-4 0 co > 0

V)I



V)0 u

r" 00 00

2- -4

0 t

U V

(A. ) V ~ t .-W

41

0.ý r * 0

Cfl 4) ~ V-4 0 n

41 ~ 4

26

E-4



TABLE II. Values of u p, projectile muzzle velocity, for choices of G/Mp

ratio of gas (reservoir) to projectile mass, for x = 0.325 and

d0/dI = S. The requirement to achieve up 2_ 6.0 km/sec is

indicated by asterisk. (The corresponding L and dO dimensions

are given below.)

G/M u

1/2 5.46

1 5

2* 6.24*

5 6.44

* G/M = 2, L 1.829 m (6 ft.) requires do = 10.96 cm (4.315") (1/2" design)

27i
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The design as fabricated is shown in Figure 7 together with the
Y design of the projectile and sabot used. The chamber block dimensions

have been scaled from the dimensions as used in Physics International
practice and modified slightly after discussions with Physics Inter-
national personnel. Specifically, the ratio of outer diameter (20.32
cm (8"1)) in the device as fabricated to inner diameter of the chamber
(5.715 cm (2.25"1)), 3.56, is about the same as employed in the Alpha I
design (56"1 / 16"1 = 3.50).

The reservoir length to diameter ratio (16 in the present design)
is smaller than in the Physics International practice (where a value

manageable. The breech bevel ring section of the chamber block (designed
to close the gas reservoir) was originally also scaled down proport ion-
ately. Discussions with Physics International personnel indicated that
this section should not be reduced in length. As a result, the breech
bevel ring as shown in Figure 7 is long as compared to the length of
the reservoir, but is in proportion (after Physics International
practice) to the reservoir diameter.

PrP
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VII. HIGH EXPLOSIVE INDUCED BARREL CLOSURE

In the Physics International practice using small L/D, low density
projectiles, projectile acceleration was sufficiently high to avoid
damage to the projectile caused by constricting the barrel of the
gun onto or ahead of the projectile (shocks in the driver gas has
caused damage to the projectile in the Physics International
experiments, but this problem has been solved by placing the
projectile h caliber into the bore). In the Physics International
tests the projectile moved sufficiently rapidly down the barrel to
remain ahead of these shocks. With high LID, high density projectiles
this problem is much more severe. Calculation indicated however, that
this problem could be overcome if the base pressure were chosen to
be high. Figure 8 shows a plot of the earliest arrival time for
shocks generated by the HE traveling through the chamber blockK; illrstrated in Figure 7 as a function of position down the barrel
using the base pressures as given in Table I. The abscissa in
Figure 8 represents the barrel position with x = 0 located at the
entrance to the bore at the front face of the chamber. The plot
extends to 8.890 cm (3.5 inches), which c-- -esponds to the front
face of the chamber block. Also, showr Figure 8 are curves repre-
senting the projectile position, one i, the rear most point on the
steel projectile (the base cone apex) and one for the position of
the buurrelet as a function of time based on the assumption of uni-
form acceleration at the computed pressure as given in Table I forI
the design as fabricated and tested. It will be seen that the device
as designed just satisfies the requirement that the projectile clear
the chamber block before the earliest detonation shock arrives at
the projectile.

Consideration has also been given to the problem of complete
closure of the bore due to HE shocks propagating through the chamber
block. Elementary calculations taking into consideration only the
inertia of the chamiber block and the approximate velocity imparted to
the chamber block based on charge (pn the breech section) to mass
(Of the entire chamber block), ratio (jýgnoring strength affects)

0 indicate that constriction should not occur before the projectile
exits the barrel. Taking into account the strength of the steel,
again in an approximate calculation, indicates the shock should not
be sufficently large to collapse the bore. A proper resolution of
this point requires hyd-iocode modeling. The problem was put on the
computer using the HELP' code. Unfortunately, the time steps became
prohibitively* small at the corners of the block preventing completion
of the analysis (with the available personnel time for-modification
of the problem to resolve the divergencies encountered in the tasksl..
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30- EARLIEST ARRIVAL
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Figure 8 -Plot of calculated earliest time of arrival for shock as a
function of bore position, together with position of pro-
"jectile as function of time under uniform acceleration.
Time t = 0 corresponds to the arrival time of the gas shock 4

at the bore entrance, x = 0. Maximum value of x corresponds
to the front face of the chamber block. Two projectile
curves are shown together with a schematic of the projectile
to indicate the feature corresponding to each curve.
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VIII. SELECTION OF MATERIALS

The chamber blocks material employed in the present experiment is
annealed 4340 steel, a tough steel having a high value for the
maximum elongation (to allow breech closlire without brittle failure).
The question of the failure of the breech on closure is a difficult
question that must be answered by experiment.

Figure 9a shows a chamber block fabricated to test for closure,
with the same dimensions as shown in Figure 7. An aluminum collari~ ~ 12.70 cm (S") inside diameter and 12.70 cm (5"1) in length was used to
cast the ring of Octo1 around the breech bevel ring of the chamber
block. Detonation was achieved using a circular section of Deta
sheet placed on top of the cast Octol together with a detonator and
booster placed at the center of the Deta sheet. Figure 9b show a trac-

ing taken from the resulting flash x-ray at 800 us after detonation
indicating that the bevel ring has collapsed and rebounded. The re-

reduced to that indicated in Figure 7. The test shown in Figure 9 did
not involve any pressure tube gas. The presence of such gas will de-
celerate the bevel ring during collapse reducing the impact forces re-
sponsible for the recoil observed in Figure 9.

The pressure tube itself poses a severe problem. It is to be
remembered that the Physics International Company customarily
employed very low density projectiles, such as Lexan or the lithium
magnesium alloy LA141A having a density of 1.38 f/CM3, and T/D
values as low as 0.8; a value of LID - 1.64 g/cm was employed fora
lithium - magnesium alloy projectile in the Alpha I test. In the pre-
sent experiment the Projectile has an LID - 5.3 and a density of 8.0
glcm . This means that the time required for the projectile to exit
the barrel is much greater proportionately (by a factor of 18.7) than
for the Physics International Company test of the Alpha I design. This
means that in addition to the problems of gas confinement without cham-
ber rupture, there is the problem that heat loss from the driver gas
to the chamber wall must be kept to a minimum.

ýk' The temperature of the helium gas in the reservoir for the device
as tested (i.e. column 3, Tables I &. III) is computed to be

T4= T 1 P4 p1/Pl P4 -28620*K (27)

for an initial gas temperature of 3000K. For a launch time of

AT as ins, black body thermal radiation to the walls will involve a

total energy of
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(a)

(b,)

2 .- m

Figure 9 -Photograph of the test chamber block used to determine

adequacy of the breech bevel ring dimensions. The top"'I figure (a) shows the chamber block with an aluminum collar
placed around the bevel ring. Octol has been cast in the
space between the aluminum collar and the bevel ring. The
bottom figure (b) shows a tracing taken from the flash
x-ray 800 pis after detonation of the Octol.
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E = T ARes At - 0.629 4J (a8)

The PV energy of the gas, however, is only 0.536 MJ. One also
finds that the optical thickness of the helium gas at a density of

-2 35.7 x 10 g/cm is quite large for 3 ev photons. Thus i, is
clear that unless the walls of the pres ure tube are gigfly reflective,
90% reflective or better, a substantial degradation in projectile
launch velocity must be expected. Essentially all materials that
might be employed for the pressure tube fail to meet this
requirement. 14 s1 . Steel readily absorbs 3 ev photons.

Aluminum is a singular exception 14. 1 5 as may be seen from the data
in Figures 10 and 11. The reflectance is 90% and better in the photon
energy range of interest except for a narrow absorption peak at 1.5 ev.
for which reflectance is only about 75%.

The high reflectivity characteristic of aluminum has been in-
corporated into the explosive driver design. As will be noticed in
Figure 7, not only is the pressure tube aluminum, but an aluminum
face plate is located at the front of the reservoir to reduce
radiation loss. Radiation loss to the gun bore wall remains a problem,
however. Aluminum plating of the gun barrel bore has not been
undertaken in the present test, but should be a prime consideration
in any future tests.

It may be mentioned that failure to employ aluminum as a
reservoir and bore wall liner material may have been the cause of
the failure to achieve high velocities in several explosive driver
tests at Physics International and elsewhere, and may be a serious
short coming facing the two stage explosive driver performance
mentioned above. 5

14F. Abeles, "Optical Properties of Metals," in Optical Properties of
Solids edited by F. Abeles, North-Holland Publishing Co.J
Amsterdam, 1972.

15H. Ehrenreich, "Electromagnetic Transport in Solids: "Optical Properties
and Plasma Effects," in Rendiconti della Scuola Internazionale di
Fisica "Enrico Fermi" XXXIV Corso: Proprietd Ottiohe Dei Soaidi,
ed3ite by J. Tauc, Academic Press, New York, 1966.
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IX. TEST SET UP, PROCEDURE AND DIAGNOSTICS

The experimental set up employed the explosive driver for the
0.281 inches (0.714 cm) bore barrel as detailed under the "as tested"

columns in Tables I and III. Explosive, 75/25 Octol, was cast and
cut flush to the end of the tamper. A cylindrical cavity in the high
explosive was formed extending from the end of the pressure tube to the
end of the tamper by setting a 2.75 inch (6.79 cm) diameter riser over
the end of the pressure tube and casting around it. *This cavity allowed
any helium gas leaking from the pressure tube to vent rather than build
up pressure on the explosive. A 1/2 inch (12.7 mm) disc 4 inches
(10.16 cm) in diameter with a booster cavity at the center and a 3/4 inch
(1.91 cm) diameter off center hole for the vacuum/helium pressure line
to pass through was taped zo the end of the explosive driver to pro-
vide uniform detonation of the explosive in the driver. The projectile
was placed in its polycarbonate sabot and epoxyed one caliber into the
bore in the chamber block.

The barrel was screwed into the chamber block and tightened.
Measurements were taken to assure complete seating of the barrel in
the chamber block and epoxy (fast setting) was used on the threads
to help seal the barrel so that a vacuum could be drawn on the bore.

A special fixture as shown in Figure 12 was attached to the end
of the barrel. This fixture served to provide the following functions:

(1) seal the barrel with a thin steel cap that the projectile
could penetrate

(2) provide connections to evacuate the barrel

(3) house a thin walled tube of Baratol (part of a separate
test programl

(4) provide x-ray windows in the support structure for the
Baratol tube (slots machined into support tube).

(5) provide break wire to fire, second x-ray during passage of
projectile through the Baratol

(6) provide a barrel section having two spaced 0.025 mm diameter
break wires to measure velocity before entering the baratol tube and
to fire first x-ray tube and an x-ray window (groove machined into

barrel section).

(7) provide a free flight section with two spaced 0.076 mm
diameter break wires to trip counters (for time measurement to obtain
velocity measurement after passage through the baratol tube) and fire
third flesh x-ray.
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The complete assembly was set up on a 3.66 m long table designed
re to cradle the explosive driver gun with its attachments and to support

the gun in from of the flash x-ray tubes. The set up is shown in

can be seen in Figures 13 and 15 (The photographic film holders are not
shown in these figures). Figure 13 shows the entire device, with
the explosive driver on the right, the 1.83 m long barrel in the
center and at the left, the explosive tube holder, break wire
connections and free flight section. Figure 14 shows the chamber
block to the left, tamper containing the cast explosive and pressure
tube, and to the right the explosive disk taped to the tamper with
the copper tubing vacuum/helium gas line extending out to the right.

Figure 15 shows the end of the gun barrel at the right connected
to a slotted aluminum barrel extension containing two 0.025 mmx
diameter break wires. Connectors for these wires can be seen
extending above and below this aluminum section at each end of the
slot.

The 0.025 mm break w~ires were inserted into the 1.6 mm
narrowing to 0.8 mm holes using a hypodermic needle as a guide.
One inch sections of the hypodermic needle soldered to the break
wires were used as electrical connection posts. These posts were
insulated from the barrel with sections of wire insulation and
epoxyed to the barrel to provide support and vacuum seals. The
break wires were tested to make sure they could carry sufficient
current to trip the timing circuits and fire the flash x-ray units

and to check that they were properly insulated from the barrel.

To the left of Figure 15 is a free flight tube also containing
a break wire (0.076 mmn diameter) to each end. A copper vacuum j
line can be seen attached to the bottom of this third section of
the barrel attachment fixture. In the background lie the three
ports for the flash x-ray tubes. Alignment between the three sections
of the attachment fixture and the three x-ray ports was adjusted,
and protective covers placed over these ports subsequent to taking
this photograph. A "static" flash x-ray was taken to check for
x-ray penetration of the tubes in this position which proved to be

satisfactory.

.iFigure 16 gives a view looking down the length of the deviceU
from the explosive driver end -with a 10.16 cm armor steel block in
place as target. Yellow paint has been placed on the target block
for identification (the test area has several such blocks in the
vicinity.)
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The test procedure included the following steps (list does not
itemize safety procedures employed):

(1) attach and check integrity and functioning of the timing
counters on the break wires (manual disconnect of wire)

(2) check functioning of x-ray tubes to assure breakingI
circuits would fire x-ray units

(4) attach detonator wires

(.5) pump down pressure tube and bore connected by a common line
to the oil vacuum pump

(6) use valves to close off pressure tube from vacuum pump and
turn on line connecting pressure tube to 1500 psi helium tank.

(7) pressurize pressure tube to 500 psi (gage)

(8) fire det-onator

(9) check data on timing counters

(10) check to ascertain that x-ray units fired

(.11) collect x-ray film cassetts and target block

~j. (12) collect other items of interest from test site.

X. TElST RESULTS

One device as described above has been tested yielding negative
results as to the utility of the explosive driver to launch high
density, high LID projectiles by the present approach. The projectile
was not launched down the bore more than approximately 15 cm. The
high LID appears to have caused the projectile to become unstable
and to have been driven into the side of the bore.

The calculated velocity between the first and second br~eak wire
was 1.86 km/s while a higher velocity of 3.29 km/s was obtained further
along the intended path of the projectile between the 4th and 5th
break~ wires. Although the thin rupture disk was broken open, no
damage was done to the steel target block. As a resul1t it is clearI
that the measured velocities resulted from individual (small fragments,
shocked gas, or shock traversing thebarrel. No fragments were
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observed on the flash x-rays although the flash times corresponded
to the times of the tripping of the break wires.

The bore of the gun was not closed off by shocks from the HE.
The principal malfunction of the device resulted from the shearing
of the end of the chamber block about 2 cm around the bore. This
sheared steel was shoved down the bore of the barrel, as can be
seen in the photograph of the end of the barrel section shown in
Figure 17a. Figure 17b shows a side view of the chamber block end
of the barrel as recovered.

Unfortunately, neither the pressure tube nor identifiable
fragments of the tube were found after the test. The tube would
have provided data regarding the adequacy of the driver functioning.
The chamber block as expected was broken into numerous parts by
the pressure in the reservoir. The recovered parts indicated the

chamber block ruptured under tension.

XX. CONCLUSIONS I
The primary purpose of the task reported here was to determine

the feasibility and utility of explosive driver light gas guns for
the launch of high density, high LID projectiles to hypervelocity.
The present design and test study indicate the following

(l) Use of explosive drivers involves numerous difficulties
that are not readily resolved without a specific test program
to resolve the difficulties.

(.)Whil-e failure to achieve the design velocity for the
required projectile does not mean these requirements cannot be
met, It does indicate more study and testing would be required
to resolve the difficulties.

(.3) Although it is well known that launch of projectiles to
hypervelocites involves quite large devices, which limits
their practicality, for high density, high L/D projectiles the
size of the device becomes an especially serious limitation.

(4) Options to resolve the problems encountered impose other
Y * limitations and difficulties. Launch instability and shearing of

the chamber block into the gun bore can be alleviated by reducing
chamber pressure, but this change requires much longer
projectile travel, a much larger reservoir, and longer confinement
times in the reservoir.
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(A)

(B).

Figure 17 -End of barrel attached to chamber block as recovered.
(A) End view showing conical plug of sheared steel from
the chamber block and the enlarged bore. (13) Side view.
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(5) In any future tests of the explosive driver gun as desigged
here, the bore facing the reservoir should be countersunk at a 45
angle and opened to a diameter of about 5 cm. The shape of the pressure
tube must be changed to include a mating conical section to fit the ~
countersunk bore. The projectile should have a steel sabot to increase
the stability of the projectile in the bore and the projectile should
be placed considerably further in the bore initially. Also, the loading
pressure in the pressure tube should be reduced by about 1/3 to 1/2.
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